**Core tip:** Diabetic peripheral neuropathy is often associated with small diameter afferent nerve damage. Here, we demonstrate participants with type-2 diabetes performing proprioceptive tasks as measured by a joint position sense activity of the lower extremity, result in greater errors with limb localization than matched controls. Findings from this study indicate that both large and small diameter afferent nerves are likely involved in diabetic neuropathy. These findings warrant future studies involving joint position sense as a measurement tool for disease progression and treatment.

INTRODUCTION
============

According to recent data provided by the International Diabetes Federation and the World Health Organization, type 2 diabetes mellitus (T2DM) is one of the largest, expensive and most pervasive diseases with an estimated prevalence of approximately 350-400 million cases worldwide\[[@B1],[@B2]\]. The epidemiologic evidence with respect to diabetic peripheral neuropathy (DPN) has not been as well established in the literature, where reports estimate the prevalence to be near 15%-30% but as high as 50%\[[@B3],[@B4]\]. Regardless, DPN is the most frequent condition, secondary to diabetes mellitus\[[@B4]\]. DPN is characterized by various levels of nerve damage and has been linked to patient economic burdens, quality of life and productivity\[[@B5]\]. Predominantly, DPN is attributed to loss of nociceptive feedback from the lower extremities due to small fiber degeneration\[[@B6]\]. However, from a recent review, discrepancies in the literature are reported with respect to the extent of pain perception threshold\[[@B4]\]. These discrepancies raise questions as to the range of tissue disruption, where previously DPN was thought to include superficial anatomy such as the skin, but recent data suggests deeper structures, including muscle may be affected\[[@B4]\].

Recent evidence suggests T2DM patients have greater risk of falls requiring a visit to the ER\[[@B7]\]. Furthermore, T2DM generally exhibit worse balance during activity than non-diabetics, which may account for the high frequency of ER visits due to falls\[[@B8]\]. Patients with DPN have worse balance during quiet stance, and are more off balance during perturbations than non-diabetics. Further, balance during quiet stance is exacerbated when the eyes are closed\[[@B9]\]. These patients also demonstrate reduced toe-obstacle clearance during gait, which may additionally account for the high degree of falls\[[@B10]\]. These data suggest that patients with T2DM may experience proprioceptive disruption with respect to the general population as proprioception plays a major role in the stabilizing body equilibrium\[[@B11]\]. In a prospective cohort study, the number of falls was measured over a calendar year. Both ankle and hip strength and proprioceptive thresholds were successfully used as predictor variables to determine the number of falls in this population\[[@B12]\]. DPN has historically been characterized as a superficial loss of nociception, which involves small diameter afferent nerve fibers (A-delta and C-fibers)\[[@B4]\]. However, outside of DPN, factors such as age have been found to disrupt larger diameter afferents such as A-alpha proprioceptive nerve fibers which are found in the deeper tissues such as muscle\[[@B13]\]. To the author's knowledge, no studies have investigated the effect of DPN on large diameter afferent nerve fibers.

Knee proprioception has been commonly measured using joint position sense tasks for a number of populations of patients including Anterior Cruciate Ligament injury, knee arthroplasty and osteoarthritis, to name a few\[[@B14],[@B15]\]. However, no recent studies have examined joint position sense of the lower extremity for patients with T2DM or for DPN. Recently, studies examining joint position sense tasks in the upper and lower extremity have found linear improvements in proprioception to increasing elevation angle of the target position\[[@B16]-[@B20]\]. However, we recently demonstrated that with disease, the linear behavior between joint position sense and target angle of elevation is disrupted in the upper extremity independently of pain\[[@B21]\]. It is unknown whether or not patients with T2DM will demonstrate proprioceptive imbalances when compared to healthy controls during a joint position sense test. Furthermore, it is unknown if T2DM will respond normally with respect to target angle of elevation as compared to matched controls. It is the goal of the study to measure knee proprioception as measured by joint position sense in this population. We aim to address the magnitude of the differences between T2DM and healthy matched controls. We hypothesize that patients with T2DM will have a greater magnitude of proprioceptive errors than healthy controls. Our secondary hypothesis predicts that patients with T2DM will not have linear improvements to proprioceptive acuity by target angle of elevation.

MATERIALS AND METHODS
=====================

Subjects and demographics
-------------------------

Twenty-three healthy adults (16 females, 7 males) with a mean age of 65 ± 8 years and twenty-three individuals with T2DM (16 females, 7 males) with a mean age of 63 ± 10 years participated in this study. Diabetics had an average of 11.3 years of exposure to diabetic symptoms. Prior to testing, all subjects signed an informed consent form approved by the Institutional Review Board of Willamette University. Only two participants in both diabetic and control group were left leg dominant, and dominance was determined by the leg used to kick a ball. Exclusion criteria included a history of injury to the hip, knee or ankle; patients with osteoarthritis were also excluded from the study. For scoring peripheral neuropathy within the diabetic group, the diabetic neuropathy symptom score (DNS) was used. The DNS included an assessment of pain, numbness, tingling and ataxia. The maximum DNS score was four points, where one point or more indicates neurological abnormalities\[[@B22]\]. The DNS scores were compared between diabetics and healthy controls using an independent samples *t*-test. Diabetics had significantly higher DNS than controls (*P* \< 0.01) where the average DNS was 1.8 for diabetics and, was 0.2 for controls.

Instrumentation
---------------

Joint position sense was measured with an iPod touch (Apple^®^), using a custom made JPS application\[[@B23]\]. The JPS application utilizes data from the tri-axial accelerometers which estimate humeral elevation angle using methods previously validated\[[@B23],[@B24]\]. For calibration of the iPod, the longitudinal axis of the device was aligned to the long axis of the fibula with the bottom of the device mounted to the leg at the level of the lateral malleolus. The participant sat on an adjustable chair (Biodex) so that the height of the participant could be modified so that the foot lost contact with the ground (Figure [1](#F1){ref-type="fig"}). With the leg relaxed and hanging so that the long axis of the leg was aligned to the vector of gravity in a position referred to as zero-G, which coincides with the absolute angular reference position\[[@B23]\]. Throughout the protocol, motion was constrained to the knee joint. All data were collected at 40 Hz. An external Bluetooth speaker was used to minimize external noise distraction as well as to administer targeting cues. The participant was instructed to keep their eyes closed throughout the entire joint testing protocol.

![Ipod orientation and experimental setup. Target angles A: 15°; B: 30°; C: 45°; D: 60° of leg elevation in the sagittal plane.](WJD-9-59-g001){#F1}

Protocol
--------

All testing was performed in a single session. Participants completed a standardized warmup on their dominant leg, which consisted of 5 min of treadmill walking at a self-selected pace, and several hamstrings and quadriceps stretching exercises. The iPod was secured to the leg at the level of the lateral malleolus using Velcro straps and a flexible iPod case (Overboard™). Joint position data were collected at four absolute angular target positions 15°, 30°, 45, 60° with respect to the axis of gravity (Figure [1](#F1){ref-type="fig"}). Target angles were repeated on the ipsilateral side four times and were presented in a randomized order. All participants completed practice trials using a dummy target position of 25 degrees of elevation until competency in the protocol was demonstrated.

Subjects were guided to target positions (15°, 30°, 45, 60° degrees of elevation in the sagittal plane) *via* auditory feedback from the JPS application\[[@B23]\]. A low frequency tone was heard through the speaker, indicating to the subject to elevate their leg in the sagittal plane with their ankle dorsiflexed. When the tone stopped, this indicated to the subject that they were in the "target range" (± 1° boundary with respect to the target) and should hold their leg in that position. Once in the target position, the subject was instructed to focus on the position of their leg in space for 3 s until an automated voice instructed them to go to the relaxed position. After 2 s in the relaxed position, the same automated voice instructed the subject to "find target", upon which the subject tried to find the previous target position without any auditory or visual feedback. The subject was then instructed to go back to the relaxed position until the next trial began. Figure [1](#F1){ref-type="fig"} demonstrates the experimental setup and depicts the target angles described above.

Data reduction and error score calculations
-------------------------------------------

All JPS data were downloaded from the iPod using iTunes software. Three-dimensional accelerometer data were converted into knee angular data in a custom Labview program using the second integral function and Pythagorean theorem, which has been validated and described in the literature for accelerometers when estimating humeral elevation angles\[[@B24]\]. Data from each condition were averaged by target angle and represent the constant error. Constant error represents the angular accuracy and directional bias during the angle matching task\[[@B25]\]. Further, the deviation of repositioned data with respect to positioned data were quantified and reported as the variable error, which represents the precision.

Statistical analysis
--------------------

Proprioceptive differences between our two populations of participants (type II diabetics and healthy controls) were analyzed using a two-way Mixed effects ANOVA (Table [1](#T1){ref-type="table"}), where elevation angle (15, 30, 45, 60 degrees) was the within subject-measure and groups (type II diabetics and controls) was the between-subjects measure. Two separate ANOVA analyses were used to investigate constant error (accuracy) and variable error (precision), further information pertaining to these results are reported in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} respectively. All statistics were computed using SYSTAT version 13, from Systat Software, Inc., San Jose California, United States.

###### 

Two-way ANOVA table for the effects of group and target angle on proprioceptive constant errors

  **ANOVA factor**       ***df***   ***F*-ratio**   ***P*-value**
  ---------------------- ---------- --------------- ---------------------------------------
  Group × target angle   3          0.527           0.664
  Group                  1          5.735           0.021[b](#T1FN1){ref-type="table-fn"}
  Target                 3          7.342           0.001[b](#T1FN1){ref-type="table-fn"}

Denote significant findings.

###### 

Two-way ANOVA table for the effects of group and target angle on proprioceptive variable errors

  **ANOVA factor**       ***df***   ***F*-ratio**   ***P*-value**
  ---------------------- ---------- --------------- ---------------
  Group × target angle   3          0.327           0.806
  Group                  1          2.61            0.114
  Target                 3          0.825           0.467

RESULTS
=======

Constant error
--------------

For constant errors, results of our two-way ANOVA analysis (Table [1](#T1){ref-type="table"}) do not indicate a significant interaction between group and target angle (*P* = 0.66), however, for main effects we found significant differences between groups (*P* = 0.021) and significant differences between levels of target angle were also observed (*P* = 0.001). On average the diabetic group had 2° greater constant errors for all levels of target angle. Both diabetic and controls groups demonstrated a linear reduction in error by target angle (Figure [2](#F2){ref-type="fig"}).

![Joint sense constant errors for diabetic (blue) and control (red) participants by target angle of elevation at 15, 30, 45 and 60 degrees of elevation. ^b^Denote significant differences.](WJD-9-59-g002){#F2}

Variable error
--------------

For variable errors, results of our two-way ANOVA analysis (Table [2](#T2){ref-type="table"}) do not indicate a significant interaction between group and target angle (*P* = 0.806). No significant main effects of group were detected (*P* = 0.114) and no significant differences were found by target angle (*P* = 0.467) (Figure [3](#F3){ref-type="fig"}).

![Joint sense variable errors for diabetic (blue) and control (red) participants by target angle of elevation at 15, 30, 45 and 60 degrees of elevation.](WJD-9-59-g003){#F3}

DISCUSSION
==========

We had two hypotheses in the current study. First, we hypothesized that diabetics with DPN would have worse accuracy and precision than matched controls on joint position sense matching tests with respect to proprioceptive constant errors and variable errors respectively. Second, we hypothesized that diabetics would not be sensitive to linear position changes with respect to target angle of elevation as would be expected in healthy controls. For each of our hypothesis and corresponding results will be discussed below.

Our data suggest that our first hypothesis was supported for accuracy but not for precision (Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Our results indicated that the magnitude of the constant errors were significantly greater in the diabetic group than the control group by 46% (Figure [2](#F2){ref-type="fig"}) which represented an average of 1.6 degree angular difference in accuracy at each level of target position. The greater inaccuracy in the diabetic group could be the result of diminished A-alpha nerve fibers which contain the primary receptors for proprioceptive acuity; however, previous reports indicate that disruption of smaller afferent nerve fibers such as A-delta and C-fibers are most common with DPN\[[@B4],[@B26]\]. A secondary explanation for the disruption in proprioceptive accuracy could be related to the loss of nociception in some areas, but the heightened nociceptive response in non-nociceptive receptors through a process known as allodynia\[[@B27]\]. We previously reported that patients with pain syndromes have large proprioceptive deficits in both accuracy and precision of similar magnitudes that are consistent with the present study. However, it remains unclear if pain disrupts proprioceptive information or can be used as additional sensory input to improve limb in space awareness\[[@B21]\]. Further, our previous findings demonstrate that when patients receive a local nerve block, accuracy but not precision is affected\[[@B21]\]. Questionnaire data from the present study indicate that 60% of the diabetic participants reported some discomfort in the lower extremity during the proprioceptive task; however, we did not separate participants into groups based on pain. Due to the similarities between our previous study results and the present study, it is possible that our results are confounded by pain associated with diabetic symptoms\[[@B21]\]. Future studies could examine proprioceptive acuity in DPN with and without symptomatic pain to help resolve this question.

With respect to our second hypothesis, diabetics appeared to have reduced angular errors by target angle, which indicates that as the limb approached higher elevation angles, proprioceptive awareness was augmented and thus joint errors were reduced (Figure [1](#F1){ref-type="fig"} and Table [1](#T1){ref-type="table"}). Joint proprioceptive studies of healthy individuals have indicated a strong linear trend in proprioceptive acuity by target angle of elevation of limbs in the sagittal plane\[[@B16]-[@B21],[@B28]\]. Our data indicate that diabetics behave normally with respect to angle of elevation; however, the overall magnitudes of the errors are greater, with an average error of 1.6 degrees greater error at all angles of elevation. The mechanisms responsible for enhanced proprioceptive awareness at greater elevation errors are somewhat unknown; however, it is possible that receptors in the muscle and joints are most active in these positions\[[@B18],[@B29]\]. Thus it is possible that the mechanoreceptors that are responsible for sensation of degree of elevation are unaffected in diabetic populations, whilst the mechanoreceptors that are responsible for accuracy and precision are affected. Together these findings help to explain heightened instability and fall risk in this population. Furthermore, the larger errors we observed at 15-30 degree target angles could help to explain why patients with T2DM demonstrate poorer obstacle clearance during gait as obstacle clearance is likely to occur within a similar degree of knee angles to our target angle\[[@B9],[@B10]\].

DPN is well documented with respect to afferent nerves in distal limbs\[[@B3],[@B6],[@B8],[@B12],[@B22],[@B30],[@B31]\]. However, the extent of the peripheral disruption has previously been limited to specific aspects of the afferent nerve which predominantly involves smaller nociceptive A-delta and C-fibers\[[@B4]\]. Here, we present data which suggests that other afferent nerve fibers are likely affected by DPN as larger A-alpha nerve fibers carry the principal sensory component of proprioception to the CNS. Neurovascular ischemia has long been attributed to be the culprit of DPN and was recently shown to be greater throughout various levels of DPN as measured by ischemia-modified albumin biomarkers\[[@B32]\]. In studies examining physiologic responses during laboratory induced ischemia; afferent nerves are more commonly affected than efferent nerves due to the greater size and oxidative demands of the afferent nerve\[[@B33]-[@B36]\]. With the ischemic nerve block, proprioception is one sensory system shown to be disrupted\[[@B33]\]. Therefore, it is likely that proprioception is also disrupted with the loss of the afferent nerve in cases of DPN. It is further possible that joint position sense could be used as a test for the symptoms of DPN. Future studies could examine the extent of which joint position sense is disrupted in diabetic populations. Examining JPS errors by severity of DPN symptoms could help clinicians and researchers diagnose DPN, and could be used as a measurement tool for effectiveness of treatment.

We acknowledge that proprioception as measured by a joint position sense task does involve a memory component (remembering where your arm was moments ago), further our findings could be influenced by alterations of the central nervous system and small sample size.

ARTICLE HIGHLIGHTS
==================

Research background
-------------------

Type 2 diabetics are at greater risk for falls and balance disruption than the general population. This phenomenon may be explained by the interruption of afferent nerves associated with peripheral neuropathy, which is common within this population. The link between afferent nerve disturbance and falls may involve diminished proprioceptive awareness in the distal limb.

Research motivation
-------------------

The main objective of this study was to investigate limb localization and proprioceptive acuity in the distal limb of persons with type 2 diabetes.

Research objectives
-------------------

Identification of proprioceptive disturbance in the diabetic population informs clinicians towards alternative forms of diabetic instrumentation for disease progression, identification and efficacy of treatment.

Research methods
----------------

We collected knee proprioceptive acuity using a joint position sense (JPS) task. We collected data on 23 diabetics and 23 age and gender matched controls. Instrumentation of JPS was conducted using an Apple iPod touch and a custom JPS application. We used a target position matching task which required the participant to locate specified targets in space with their knee joint.

Research results
----------------

Results of the present study support our hypothesis and indicate that type-2 diabetics have proprioceptive errors of 46% greater magnitude than controls. Our findings suggest that fall and balance risk data on type-2 diabetics could be related to proprioceptive imbalances in the distal limb.

Research conclusions
--------------------

Our novel findings indicate that proprioceptive acuity in the distal limb is disrupted in patients with type-2 diabetes. These disturbances to proprioceptive acuity may be due to degeneration of the afferent nerves commonly reported in this population. Our findings are the first to suggest that larger diameter afferent nerves are likely also influenced by the degeneration of the afferent nerve, which was previously reported as affecting only smaller diameter afferent nerves. We present data that may serve as explanation or partial explanation for the high degree of falls and loss of balance in the type-2 diabetic population as proprioception has been overwhelmingly associated with balance and stability. Furthermore, our study has provided new insights as to measurement and instrumentation of diabetic neuropathy with respect to joint position sense (JPS) testing. Future studies can incorporate JPS into measurement of disease progression, treatment and diagnosis. The application of JPS testing in a clinical setting is also warranted.

Research perspectives
---------------------

We have demonstrated that proprioceptive disruption can be measured in type-2 diabetics. However, the extent of disruption could be dependent on the degree of peripheral neuropathy, number of years of exposure to the disease and or other physiologic factors. Future studies should investigate diabetic neuropathy as a spectrum with respect to JPS testing in order to establish a causal relationship. Furthermore, future studies could start to examine therapeutic effect of exercise, diet, whole body vibration and pharmacological intervention on proprioceptive acuity in type-2 diabetics.
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